The objective of this study was to compare full binary toxin loci (CDTloc) sequences from a collection of Clostridium difficile isolates in an effort to further understand the regulation of the binary toxin (CdtAB) and its putative regulator (CdtR). Sequences from different ribotypes and toxinotypes were analysed phylogenetically and for polymorphisms, non-sense mutations, promoter features and signal sequences. Expression of cdtA, which was also representative of cdtB expression, was measured by quantitative PCR (qPCR). Several consensus promoter features and various polymorphisms were identified including a non-sense mutation identified in a ribotype 078 cdtR gene that is predicted to result in a severely truncated protein. Despite this mutation, cdtA expression was still detected by qPCR. Dendrograms based on total sequences indicated that isolates belonging to the same ribotype shared the greatest similarity within the binary toxin locus. Although cdtR is thought to be involved in regulation of cdtA expression, a cdtR non-sense mutation did not inhibit expression of cdtA, suggesting that either the truncated protein is functional or another regulator of the binary toxin exists.
INTRODUCTION
Clostridium difficile is a Gram-positive spore-forming anaerobe and a common cause of antimicrobial-and hospital-associated diarrhoea in humans. The increase in frequency and severity of C. difficile infection (CDI), largely due to the emergence of hypervirulent ribotypes, has rendered this pathogen a significant and growing healthcare concern (McDonald et al., 2005) . C. difficile has two main virulence factors, toxin A (TcdA) and toxin B (TcdB), which cause deregulation of intestinal cell function by glucosylating the Rho subfamily of proteins (Just et al., 1994 (Just et al., , 1995 . A third infrequently studied toxin, the binary toxin (CDT), is produced by many toxigenic strains. It consists of an enzymic and a binding component, and has been shown to have cytotoxic properties (Perelle et al., 1997) . This toxin is homologous to the iota toxin of Clostridium perfringens and functions as an ADP-ribosyltransferase (Gülke et al., 2001) . Although its role in pathogenesis is poorly understood, it has been shown to promote adhesion by the induction of microbtubule-based protrusions in intestinal epithelial cells (Schwan et al., 2009 ).
Full-length CDT sequences are commonly found in variant toxinotypes (those with significant polymorphisms in the pathogenicity locus encoding tcdA and tcdB), whereas nonvariant toxinotypes often have a common truncation in the CDT locus resulting in a binary toxin-negative phenotype (Stubbs et al., 2000; Stare et al., 2007) . Analysis of the CDT locus has revealed cdtA to be more conserved than cdtB suggesting a possible enhanced mutability of the gene encoding the binding component (Pituch et al., 2005) .
Few studies investigating gene expression in C. difficile have been performed (Gerber et al., 2008; Govind et al., 2009; Karlsson et al., 2008) and, as a result, little is known about the regulation of genes, virulence-related or otherwise. With respect to the binary toxin, Carter et al. (2007) demonstrated expression of cdtA during the stationary growth phase and expression was significantly reduced in strains with a mutation in cdtR, a gene encoding a putative regulator. Promoter analysis is also rarely performed and is usually restricted to genes within the pathogenicity locus. An active promoter, a Shine-Dalgarno consensus sequence and two putative 210 and 235 sequences have been identified upstream of tcdB (Song & Faust, 1998) . Mani et al. (2002) also described putative promoters for tcdR, tcdA and tcdB.
To date, no significant analysis of the binary toxin locus (including promoters for cdtR and cdtA, and the cdtR, cdtA and cdtB genes) has been performed. The objectives of this study were to sequence, analyse and compare full binary toxin loci (CDTloc) sequences in ten C. difficile binary toxin-positive ribotypes, pulsotypes or toxinotypes, then to analyse the binary toxin loci promoters and genes and to perform a phylogenetic analysis of the loci. (Martin et al., 2008) , and an isolate from a diarrhoeic pig collected in 2002. Ten isolates were chosen, representing six different binary toxinpositive ribotypes, four different toxinotypes and six different pulsotypes (Table 1) . Isolates belonging to the same ribotype were epidemiologically unrelated. All isolates possessed tcdA and tcdB. All C. difficile strains were cultured on Colombia blood agar plates (Oxoid) and incubated anaerobically for 24 h at 37 uC.
Nucleic acid extraction and PCR amplification. DNA was extracted using a commercial kit following the manufacturer's instructions (Instagene Matrix; Bio-Rad). The 28 primers listed in Table 2 were used to sequence the binary toxin locus including the cdtR promoter, cdtR, the cdtAB promoter, cdtA and cdtB. Briefly, fragments of the locus were amplified in a Techne Touchgene Gradient thermocycler (Dynalab) using the following PCR cycling parameters: 94 uC for 5 min; 30 cycles of 94 uC for 60 s, 55-62 uC for 60 s, 72 uC for 90 s; and a final extension of 5 min at 72 uC. The reaction mixtures consisted of 16 PCR buffer, 1-4 mM MgCl 2 , 250 mM dNTPs, 10 pmol of each primer, 1 U Taq polymerase and 100 mM tetramethylammonium. PCR products were purified using a QIAquick PCR purification kit (Qiagen) and sequenced (Macrogen). Ribotyping was performed as described by Bidet et al. (1999) . PCR products were resolved on a 1.5 % agarose gel and visualized by ethidium bromide staining.
CDTloc analysis. Binary toxin locus sequence processing and assembly was performed using the Geneious bioinformatics software (Biomatters, Auckland, New Zealand). Signal sequences and their respective cleavage sites were predicted using the SignalP 3.0 server (http://www.cbs.dtu.dk/services/SignalP/). Molecular masses and isoelectric points were predicted using ProtParam (Gasteiger et al., 2005;  http://www.expasy.ch/tools/protparam.html). Multiple sequence alignments were performed using the CLUSTAL_W2 tool (http://www. ebi.ac.uk/Tools/msa/clustalw2/) and phylogenetic trees were created using CLUSTAL_X version 2.0 using the neighbour-joining method. Secondary structure prediction was performed using the advanced protein secondary structure prediction (APSSP) server (http://imtech. res.in/raghava/apssp/).
Quantitative real-time PCR (qPCR) analysis of cdtR and cdtA expression. qPCR analysis of the binary toxin and regulator genes was performed on the ten C. difficile strains listed in Table 1 . These strains were cultured anaerobically at 37 uC in a C. difficile growth medium broth consisting of (g l 21 , unless otherwise stated): proteose peptone, 40; disodium hydrogen phosphate, 5.0; potassium dihydrogen phosphate, 1.0; magnesium sulfate, 0.1; sodium chloride, 2.0; fructose, 6.0; and sodium taurocholate, 0.1 % (w/v). Ten millilitres of exponential phase (OD 600 0.3) and stationary phase (OD 600 1.0) cultures were pelleted, resuspended in 500 ml RNAlater RNA stabilization reagent (Ambion) and frozen at 280 uC until use. RNA was extracted using Maxwell 16, a robotic, magnetic bead-based system (Promega). Isolates were grown and RNA samples were extracted in triplicate. Samples were treated with the Turbo DNA-free system (Ambion) and subjected to a reverse transcription reaction using the Omniscript Reverse Transcription kit (Qiagen) and gene-specific primers. qPCR was performed using SYBR green to assess expression of cdtA and cdtR. Expression was normalized using the reference gene rpoA. The cdtA primers used have been described previously (Carter et al., 2007) . cdtR and rpoA fragments were amplified using the primer pair described in Table 3 . cdtR analysis by pyrosequencing. A pyrosequencing protocol was developed to screen for a truncating single nucleotide polymorphism (SNP) in the cdtR gene in 57 toxinotype V isolates (51 ribotype 078 isolates and six from three other ribotypes). In addition, 22 ribotype 027/toxinotype III isolates were screened and seven additional isolates were found to belong to six other ribotypes associated with CDI in humans. Amplification and sequencing primers were designed using Assay Design Software (Qiagen). A 97 bp cdtR fragment was amplified using the forward and the biotinylated reverse pyrosequencing primers (Table 3) . One sequencing primer was used to sequence over the SNP region. Locations of the PCR and sequencing primers are shown in Fig. 1 . The cdtR fragments were amplified using DNA from 78 C. difficile strains using real-time PCR in a LightCycler 1.5 thermocycler (Roche Diagnostics). Reactions (25 ml) were prepared using the LightCycler FastStart DNA Master SYBR Green I (Roche Diagnostics) following the manufacturer's instructions. The following thermocycling parameters were used: denaturation at 95 uC for 5 min; followed by 45 cycles of 10 s at 95 uC, 15 s at 61 uC and 15 s at 72 uC; melting curve analysis at 95 uC for 60 s, 40 uC for 60 s, 55 uC for 1 s increasing to 95 uC for 0 s; and cooling at 40 uC for 30 s. The PyroMark vacuum Prep workstation, PyroMark ID instrument and Pyro Gold reagents (Qiagen) were used to perform pyrosequencing. Univariable analysis *All ribotypes not internally recognized and all non-NAP types were given an internal laboratory designation.
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was performed using Fisher's exact test and logistic regression. Nominal logistic regression was used to evaluate the association of year and origin on the presence of the cdtR mutation. P values ,0.05 were considered significant.
RESULTS

Amplification and sequencing of the CDTloc
The binary toxin locus, including the putative regulator (cdtR), cdtA and cdtB, and their respective promoter regions, was successfully sequenced in ten C. difficile isolates. Fourteen primer pairs were needed to overlap and amplify the entire 6082 bp locus.
Prediction of molecular mass, isoelectric point and signal sequences in the ten representative strains
The predicted CdtR in all isolates consisted of 248 amino acids and a molecular mass of 29.3-29.4 kDa, with the exception of 744 (a ribotype 078 isolate). In this isolate, a stop codon was identified after amino acid 107. All predicted CdtA and CdtB protein sequences consisted of 463 and 876 amino acids, respectively. The predicted molecular mass of CdtA for each isolate fell between 53.2 and 53.3 kDa and for CdtB, between 98.7 and 98.8 kDa.
The CdtR isoelectric points were calculated to be 9.14 for most sequences. Isolate 98 (ribotype 078) had an isoelectric point of 9.15 and isolate 478 had a point of 9.1. No calculation was made for isolate 744 due to the truncating No signal sequences were identified in any CdtR sequences. However, a signal sequence was identified in all CdtA sequences with the predicted cleavage site falling between amino acids 34 and 35. All CdtB sequences also had signal sequences with the cleavage site falling between amino acids 30 and 31 with the exception of isolate 744 (ribotype K). In this isolate, the CdtB signal sequence had a predicted cleavage site between amino acids 26 and 27.
Identification of promoter features and whole sequence analysis
The promoter sequences for all isolates listed in Table 1 were also analysed. Approximately 800 nt upstream of cdtR was sequenced and considered to include its promoter. The region between the stop codon of cdtR and the start codon of cdtA was sequenced and considered to include the cdtA promoter. The cdtR promoters of isolates 478 and 744 differed most drastically from the other sequences. Both isolates displayed a 9 nt insertion at position 2413. The remaining sequence variations observed consisted of SNPs including substitutions or deletions. The cdtA promoter sequence consisted of 389 nt for all isolates except K98, which had a 1 nt deletion. Fiftytwo nucleotides separated the stop codon of cdtA and the start codon of cdtB. During analysis of the sequences, several promoter features were identified. All isolates had a conserved Shine-Dalgarno sequence, AGGAGG, located between nucleotides 213 and 28 of the cdtR promoter (Fig. 2a) . A predicted Shine-Dalgarno sequence, GGGAGG, was identified at position 214 to 29 of all cdtA genes sequenced (Fig. 2b) . Upstream of the cdtB start codon, a putative ribosome-binding site, AGGAGG, was identified in eight of the ten isolates between nucleotides 213 and 28 (data not shown). Isolate 478 had an AGGGGG sequence at this position and isolate K744 had a predicted Shine-Dalgarno motif, AGGAGG, from nucleotides 225 to 220. At positions 213 to 28, the sequence varied from the predicted consensus sequence (AATGAA). The 235 and 210 element consensus sequences (TTGACA and TATAAT, respectively) could not be identified specifically at these positions, but similar sequences were identified further upstream from the start codon (Fig. 2a, b) . Alignments of the C. perfringens Ia promoter elements with other C. difficile promoters are shown in Fig. 2(c) . The 235 and 210 s 70 consensus sequences are also shown. Most 235 elements shared four of six nucleotides with the s 70 consensus sequence and, although greater diversity was observed with the 210 element, the cdtA and cdtR 210 regions both shared five of six nucleotides with the 210 s 70 consensus sequence.
Alignments of both gene nucleotide and amino acid sequences were performed. There were numerous SNPs in the cdtR sequence; however, once translated there were only two loci that encoded non-conserved amino acids.
There was an R143C polymorphism in isolate 478 and an S153F polymorphism in isolate 98. It is likely that these polymorphisms would not affect the secondary structure of the protein, as predicted by the APSSP. The isolate 744 cdtR sequence had a truncating stop codon that would result in only 107 versus 248 amino acids being translated. At position 322, an in-frame G322T mutation would introduce the TAA stop codon in place of GAA encoding glutamate.
There was a total of 39 polymorphisms in the cdtA sequence of the ten representative strains, including one double nucleotide polymorphism and one triple nucleotide polymorphism. The majority of these polymorphisms translated into identical or conserved amino acids. The cdtB sequences had a total of 65 polymorphisms including two double nucleotide polymorphisms. Only four polymorphisms resulted in non-identical or non-conserved amino acids. Again, these polymorphisms would probably not affect secondary structure, as predicted by APSSP.
cdtA and cdtR qPCR Expression of cdtA and cdtR was detected in exponential and stationary phases by qPCR. Expression of both genes was detected in all but three of the isolates (Table 1) : in strain 765, a NAP1/toxinotype IX isolate, no expression of either gene was detected by qPCR; in strain 478, a toxinotype IV isolate, only expression of cdtR was detected; and only cdtA expression was detected in strain 744, a ribotype 078 isolate (data not shown).
Phylogenetic analysis
Isolates 478, 98 and 744 were the most divergent from the group based on the overall CDTloc sequence and the most closely related to each other (Fig. 3a) . Isolates 98 and 744 shared the same ribotype, ribotype 078, and isolate 478 had a unique ribotype (Fig. 3b) . (Fig. 3a) .
The remaining four isolates belonged to three different ribotypes and two different toxinotypes. Isolates 667 and 765 were closely related despite being from different ribotypes and toxinotypes, but did share the same pulsotype. Isolates 421 and 959 also grouped together and shared both the same ribotype and toxinotype.
Analysis of the cdtR SNP by pyrosequencing
Pyrosequencing of the cdtR gene in 86 C. difficile isolates revealed that the truncating cdtR SNP was restricted to toxinotype V isolates. It was present in 44 of 57 (77 %) of these isolates. The mutation was present in 17 of 30 (57 %) strains isolated before 2008 and 27 of 27 (100 %) strains isolated during or after 2008. Of these isolates, 22 of 57 (38.5 %) were from human sources and 12 of these (54.5 %) had the mutation; the remaining 35 (61.5 %) were from non-human sources (including animal and environmental) and 31 of these had the mutation (88.6 %). The remaining 29 strains were categorized into six different ribotypes, including 22 ribotype 027 isolates, but the truncating mutation was not present in any. While there was an association between both year (P50.0009) and species (P50.0129) of origin using univariable analysis, presence of the mutation was associated with year (P50.0164), not animal versus human origin (P50.147), by nominal logistic regression.
DISCUSSION
The C. difficile binary toxin is a potentially important virulence factor in the pathogenesis of CDI. Here, we sought to improve the understanding of cdtA and cdtR regulation by analysing promoter sequences for specific features, revealing several features common to other bacteria and suggesting that regulation of both genes occurs by a s
70
-like sigma factor. Analysis of full CDT loci sequences revealed a truncating mutation in the cdtR gene of a ribotype 078 isolate. This mutation may result in a non-functional CdtR, yet expression of cdtA in the 078 isolate was still detected suggesting that this regulator is not essential for binary toxin gene expression. The truncating cdtR SNP was also reported by Bouvet & Popoff (2008) and found to be restricted to toxinotype V isolates with ribotype profiles similar to ribotype 078. The mutation was only found in several non-ribotype 078 toxinotype V isolates, suggesting that the mutation is more broadly associated with toxinotype V, not just ribotype 078. Bouvet & Popoff (2008) also demonstrated reduced, but not eliminated, cdtA activity in strains with the cdtR mutation, furthering our assertion that CdtR is not necessary for binary toxin production. This mutation may have emerged recently as it is more often found in more recently obtained strains. Interestingly, this temporal association was present in both human and animal/food animal strains and the apparent emergence of this mutation in both populations gives further support to an association between human, food and food animal strains.
Full CDTloc sequences of ten isolates were analysed and phylogenetic analysis was performed. Ribotype 027 strains were expected to share high sequence identity as strains of this ribotype have been demonstrated to share high overall relatedness (He et al., 2010) . Only two polymorphisms were found in the ribotype 027 isolates. This supports the high overall relatedness of this ribotype, although the small sample size must be considered. No significant difference in the number of polymorphisms between cdtA and cdtB was detected, which is in contrast with Pituch et al. (2005) who reported a higher number of polymorphisms in the cdtB gene.
Consistent with other reports showing genetic diversity of ribotype 078 (He et al., 2010; Griffiths et al., 2010) , ribotype 078 isolates were the most divergent in their CDT locus. Ribotype 078 was reported to be an outlier based on multilocus sequence typing data and was suggested to have emerged as a genetically distinct clade (Griffiths et al., 2010) . Interestingly, the toxinotype IV strain grouped together with the ribotype 078 isolates. The reason for and relevance of this finding are unclear since limited information is available concerning the epidemiology of toxinotype IV strains. The separate grouping of 027 and 078 isolates was not unexpected given the distinct nature of these two ribotypes, but suggests that acquisition of the CDT locus in these two groups was not a recent event.
A third group included four strains from three different ribotypes and two different toxinotypes. Unsurprisingly, the three isolates belonging to toxinotype IX were grouped together; however, a toxinotype III/NAP1 isolate was also included. Therefore, although there appears to be general concordance between ribotype and CDT locus sequence relatedness, this is not absolute.
cdtA and cdtR promoter sequence analysis revealed the presence of several common promoter elements (Fig. 2a,  b) . Alignments of the C. difficile cdtA and cdtR promoters with the s 70 consensus sequences show shared nucleotides at the 210 and 235 sites (Fig. 2c ). This suggests that the transcription of genes in the CDTloc may be initiated by a s 70 -like sigma factor. The absence of 235 and 210 consensus sequences upstream of the cdtB start codon was not unexpected since the Clostridium perfringens Ib promoter also lacks these elements (Perelle et al., 1993) . The presence of Shine-Dalgarno sequences, however, suggests that cdtA and cdtB are transcribed monocistronically but translated as two separate proteins. Polymorphisms were identified in each of the binary toxin locus genes but none was predicted to affect secondary structure or function of the protein with the exception of the truncating mutation in cdtR.
Analysis of amino acid sequences revealed that the predicted molecular masses for each of the proteins were generally consistent between strains with minor differences reflecting various polymorphisms. Although isoelectric point variations were present, the differences were probably insignificant and would not affect protein solubility or function with the exception of the predicted truncated CdtR in strain 744. The variations in amino acid sequences, predicted molecular mass and isoelectric points reflect the heterogeneity of the sequences between isolates. Signal sequences in CdtA and CdtB were expected as these proteins are predicted to be exported. The absence of a signal sequence in CdtR was also expected as it is thought to regulate gene expression and is predicted to be retained in the cytoplasm.
Response regulators similar to CdtR have been shown to consist of two domains. The N-terminal domain gets phosphorylated by a sensor kinase in response to stimuli. This domain then induces a conformational change in the DNA-binding C terminus. Since the amino acids involved in DNA binding are predicted to occur in the C-terminal domain, they probably would not be translated if CdtR was truncated at 107 amino acids (Nikolskaya & Galperin, 2002) . This suggests that a truncated CdtR might be nonfunctional as a DNA-binding positive regulator of cdtAB. The role of the predicated truncated CdtR, however, would need to be assessed in vitro to confirm its functionality. Whether this mutation confers some sort of benefit to the strains that have acquired it remains unknown but we can speculate that it might confer a fitness advantage since there appears to be an increasing number of ribotype 078 strains with this mutation over time and this ribotype is increasing in prevalence amongst CDI cases.
As expected, cdtA and cdtR expression was detected in most isolates assessed, with three exceptions. No obvious sequence variation to explain the lack of expression in strain 765 was detected in the CDTloc and both cdtA and cdtR primers successfully amplified genomic DNA, indicating that variations at the primer sites inhibiting cDNA amplification were not the cause of this result. This suggests that the presence of the binary toxin genes does not necessarily equate to production of the toxin protein.
Further supporting this, no cdtA expression was detected in 478, the toxinotype IV isolate, despite detection of cdtR expression. In contrast, no expression of cdtR but expression of cdtA was detected in the 744 isolate despite the truncating cdtR mutation. The 9 nt insertion in the region upstream of cdtR in the 478 and 744 isolates was not expected to have an effect on expression, but the 744 isolate displayed no cdtR expression whereas expression was still detected in 478. This suggests that the insertion may lie outside of the active promoter region.
Comparisons of expression levels between strains were not made since only a moderately stable reference gene was used (Metcalf et al., 2010) and a more comprehensive evaluation of expression should be performed using validated, stable reference genes. Reference genes need to be validated in each strain used because the heterogeneity of the species has demonstrated the loss of stability of specific reference genes between strains (Metcalf et al., 2010) .
Assessment of the functionality of truncated CdtR and comparison of cdtA expression levels in a wild-type and a strain with the G322T cdtR mutation may provide further insight into the role of the regulator. Although analysis of binary toxin loci did identify various promoter features and reveal a truncating cdtR mutation restricted to toxinotype V isolates, many questions still remain as to the mechanisms of regulation of the CDT genes and their role in pathogenesis.
